Introduction
The cell as a whole, as well as its many intracellular organelles, should remain mechanically coherent, capable of cooperative restructuring and/or force transduction [1] . This 'whole-cell' coherence is supported by sophisticated filamentous networks responsible for long-range ordering of cellular cytoplasm and cortex [1] , but it does not directly apply to the membrane system that defines the physical barriers delimiting the cell and its compartments. Membranes retain substantial conformational plasticity at subcellular, submicron scales, at which they are constantly reshaped as they form transport vesicles, membrane protrusions and invaginations of different shapes [2, 3] . These shape changes are conducted by specialized proteins (such as coatomers [4] , which coat membrane transport vesicles) that self-assemble on the lipid membrane into local modules [3, 5, 6] . The coordination of the activity of these modules is essential for supporting and controlling membrane shapes at larger scales [7, 8] . Consequently, the 'whole-cell' spatial ordering of membrane formations by filaments also relies on distinct, spatiotemporally arranged membrane modules [9, 10] .
The view of the cellular membrane as a multifaceted and heterogeneous entity [11, 12] is in good agreement with this apparent modular design of membrane reorganization. Indeed, small submicron membrane domains of distinct composition can be readily perceived as precursors of transport vesicles [13] [14] [15] , transient membrane protrusions [16, 17] , sites of membrane fusion and fission [18] and invaginations of plasma membrane, like caveolae [19, 20] (Figure 1A ). These domains are enriched with proteins that are specialized in membrane remodeling and often associated with particular lipid species implicated in domain formation, such as multivalent charged lipids, ceramides or cholesterol [6, 18, [20] [21] [22] .
How does the segregation of protein and lipid components yield distinct, yet dynamic patterns of membrane shape? The answer to this important question becomes increasingly complex. The initial paradigm was invoked by ultrastructural techniques that revealed reorganization of the submembrane actin cortex and formation of membrane-associated protein meshes (primarily cages formed by coat proteins) in places of membrane deformation [23] [24] [25] . These polymerized protein structures were initially considered to be threedimensional scaffolds imposing their geometric wishes on the lipid bilayer [1, 26, 27] . However, besides coats and filaments, membrane remodeling requires additional players, such as adaptor proteins in coated pits and actin-membrane linkers [3, [28] [29] [30] [31] . These proteins substantially alter the membrane microstructure, creating nucleation spots for membrane remodeling [9, 13] . Importantly, these proteins can directly change membrane curvature through specialized and often evolutionarily conserved protein domains (e.g. ENTH or BAR domains [32, 33] ), which generally recognize specific lipid species [18] . Thus, the 'scaffold' paradigm also has to include these accessory proteins and lipids as complementary factors that mediate the initial localized membrane deformations, which are then ultimately coordinated in space by the scaffold. This task distribution corresponds to the layered (or modular) structure of the proteolipid machinery that shapes membranes: the inner layer directly embedded in the lipid bilayer contributes substantially to the work of bending, while the outer protein scaffold that lies over the bilayer brings in the geometric information [5, 9, 34] .
Nevertheless, recent experimental data indicate that this proposed hierarchy is not strictly applied. In fact, protein scaffolds might be very dynamic structures that adopt different shapes [25, [35] [36] [37] [38] . In addition, some curvaturedriven proteins can guide membrane deformations without a scaffold, in both in vivo and in vitro systems [29, 30, 39, 40] . Instead of rigid structures, these proteins can assemble dynamic membrane domains, the shape of which is controlled by elastic and boundary forces, similar to fluid-like lipid domains [41, 42] . This analogy is further corroborated by the sensitivity of membrane remodeling in cells to domain-forming lipids [20, 43, 44] and, in part, by the general involvement of lipid domains in intracellular membrane dynamics [45] [46] [47] [48] . The forces lying behind the assembly of such membrane domains can be fully responsible for local membrane deformation, as experiments on purely lipid systems have demonstrated [49, 50] (Figure 1B) . Thus, the proteo-lipid machinery governing localized membrane remodeling in cells involves elements of dynamic self-organization, brought by the lipid bilayer [18, 43] . Here, we review recent experimental and theoretical data supporting the emerging role of integrated proteo-lipid modules in cellular morphogenesis.
In order to better illustrate this modular principle, we introduce the concept of the morphological domain (MOD), which we define as a dynamic proteo-lipid module undergoing morphological maturation through self-organization. The MOD is not regarded as a 'classical' raft [45] , a concept primarily based on self-assembly of lipid domains that arise through separation of lipid phases to which proteins partition. Indeed, there are many examples of biological membrane domains that are composed of lipids that mix well with their neighbors. Thus, we would like to expand our description of cellular membrane domains beyond the classical raft concept. Rather, the MOD incorporates dynamic links between the composition and the shape of complex proteo-lipid membranes. These links are vital for the functional coupling of cellular membrane transport and signaling networks [51] [52] [53] [54] [55] , cell motility [17, 54, 56] and de novo creation of intracellular organelles [14, 57] .
MOD Concept
The coupling between the shape and composition of MOD is directly related to the energies and spatial organization of membrane deformations. The lipid bilayer is relatively flaccid at the submicron scales characteristic for MODs. For example, the hydrolysis of about 50 ATP molecules provides approximately 500 k B T, the energy sufficient to form a spherical lipid vesicle [3, 42] . For coated vesicles, this energy can be supplied by ATPases, such as Hsc70 [4, 58] . Such energy estimates, however, are generally based on rigidities that are typical for model phospholipid membranes. Cellular membrane patches tightly packed with proteins might be substantially stiffer [3] . Lipid bilayers at higher curvatures are also less bendable: formation of highly curved membrane intermediates, especially those involved in fusion and fission processes, is very demanding energetically. The analysis of these intermediates underlines the major role of membrane composition in controlling the pathways of membrane remodeling [59, 60] . Lipid composition and geometry should be perfectly coordinated in order to minimize the energetic cost of membrane deformations, particularly those associated with the creation of high membrane curvature [44, 59, 61] .
Even if the energy for membrane deformation were available, it still needs to be converted into a cooperative restructuring of a large molecular ensemble -the membrane patch containing many protein and lipid molecules (e.g. 100-nm vesicles contain w10 5 lipids). The transduction of energy to the membrane is generally achieved via specialized adaptor/linker proteins, which contain specific functional domains that directly interfere with the structure of the lipid bilayer [29, 32, 33] . Many such adaptors, e.g. epsin [30] , themselves induce changes in membrane geometry. However, a substantial membrane fraction of these proteins is required in order to change membrane shape [62] , as they likely need to be segregated to amplify and coordinate their curvature activity [63] . By enforcing the segregation of these adaptor proteins and/or applying specialized enzymes that produce non-bilayer lipids [59] , cells actively adjust composition to form curved membrane domains. In principle, such domains can be either of crystalline nature (e.g. protein caps [64, 65] ) or weakly bound fluid-like formations that can still ensure the local coherence of membrane shape dynamics [42, 45] . The role of these fluid-like domains in membrane morphogenesis is only beginning to be appreciated [20, 42, 66] . Such dynamic formations may be at the core of the energy transduction and spatial organization of membrane remodeling at submicron scales.
The notion of membrane domains as dynamic clusters of components already plays an important role in our understanding of cellular membrane organization [11, 46] . Compositionally defined spontaneous segregation of lipids into fluid-like domains was instrumental in the development of the concept of dynamic heterogeneity of cellular membranes [45, 46] . Furthermore, changes of membrane geometry in turn can trigger lateral redistribution of lipids [67] and attract curvature-sensing proteins [3, 6] . Importantly, the curvatureinduced sorting of lipids is manifested either at high (> 0.1 nm 21 ) curvatures or when the lipid mixture is close to the point of spontaneous decomposition into domains [67] [68] [69] . Thus, the two processes, the composition-driven and the curvature-driven segregation of membrane components, are intimately linked and this link provides a basis for the appearance of MODs. The stationary shapes of MODs can be described in traditional terms of the intrinsic curvature characteristic for each particular membrane composition.
Intrinsic Curvature and MOD Shape
The intrinsic curvature of a homogeneous lipid monolayer containing a single lipid component is dictated by the minimization of the elastic stresses (i.e. stretching and squeezing) imposed on lipid heads and tails during the self-assembly of the monolayer [3] . The monolayer bends to minimize these stresses, thus adopting its intrinsic shape. As a result, the lipid molecules acquire certain average geometry [70, 71] . For a multi-component lipid monolayer this geometry might be a complicated function of its composition [72] , making predictions of membrane intrinsic curvature difficult. However, the direction of monolayer bending can be evident when a dominating curvature-active agent is present. For example, the so-called non-bilayer lipids, characterized by extremely high values of intrinsic curvature, impose positive (e.g. lyso-lipids [72] ) or negative (e.g. diacylglycerol [73] ) curvatures (shown as red and blue triangles, respectively, in Figure 2A ). The intrinsic state of the lipid bilayer is determined by the combined minimization of the elastic stresses in both of its monolayers. Some simple qualitative predictions of this minimization are depicted in Figure 2A . Similar 'molecular geometry' formalism can be used to predict the curvature activity of an individual protein interacting with the bilayer: a shallow hydrophobic insertion (e.g. the ENTH domain [30] ) induces positive curvature in a monolayer, similar to a lysolipid molecule [72] . The protein insertion can be energy-and chargedependent, thus providing means of quick and dynamic regulation of the intrinsic curvature of MODs [30, 74] .
Besides insertion domains, proteins that are specialized in controlling membrane curvature have developed curved domains that mold the lipid bilayer via electrostatic attraction of charged membrane species (e.g. the BAR domain [29] or the Sec23/24 complex [75] ; reviewed in [2, 3, 6] ). Finally, localized and synchronized insertion of numerous proteins can generate an area difference between the monolayers of the MOD membrane, leading to bending due to the coupling that exists between the two layers [3, 76] . This area difference can be also achieved through the translocation of lipids from one monolayer to another by the action of specialized proteins (e.g. flippases [61] ).
Creation of membrane curvatures characteristic of submicron MODs requires substantial membrane coverage by proteins working through changes in intrinsic curvature [62] , resulting in protein crowding. This crowding by itself can drive changes in membrane shape [77] . Also, when proteins pack tightly in the MOD area, their packing preferences will impose particular shapes on the MOD. For example, the most dense surface coverage by curved and elongated BAR domains is achieved on a cylinder: BAR domains can completely cover a cylinder, but not a sphere [39, 78] . Hence, BAR domains would readily accumulate on and stabilize cylindrical shapes even without polymerization in a multimolecular scaffold. Formation of cylindrical membranes with both positive (N-and F-BAR domains [79] ) and negative (I-BAR domains [80] ) curvatures has been reported in reconstituted systems and recently also in cellular systems in which I-BAR domains created dynamic membrane protrusions [81] . Thus, the protein-packing preferences, even without direct interaction between the proteins, can guide the MOD shape.
Interestingly, similar packing preferences can affect the polymerization of proteins interacting with MOD ( Figure 3 ). Actin polymerization patterns can be altered by membrane curvature [28, 42, 82, 83] , so the formation of the supporting actin mesh inside the filopodia (Figure 3 ) can follow the creation of membrane protrusion by I-BAR-domain-containing proteins [81] . For classical protein coats, adsorption on a curved membrane surface can bias the formation of one of the multiple fullerene lattices assembled by these proteins in solution [24, 84] .
Certain proteins, caveolin in particular, extend their action on both membrane monolayers, summing up the differential insertion effects (induction of positive curvature in the contacting and negative curvature in the distant monolayer) with segregation of cholesterol [85, 86] . This combination results in stationary membrane invaginations, known as caveolae, the stability of which relies on the cholesterol content in the membrane [48] (Figure 1B) . Less stable MODs allow for detectable exchange of their protein components Creation of curved areas in the membrane, here due to thermal undulations or local enzymatic production of non-bilayer lipids (such as diacylglycerol, blue triangles and scissors; and lyso-lipids, red triangles and scissors), is coupled to the lateral redistribution of the membrane components according to their curvature preferences and to the curvature-driven binding of proteins. This coupling first leads to the enhancement of undulations, followed by the emergence of MODs when a critical amount of curvature-inducing components (pink) is attracted to the MODs, probably via specialized domains recognizing charged lipid species (blue caps). MODs can quickly disappear if the curvature-active components leave, e.g. via impairment of electrostatic interaction (e.g. removal of PIP 2 [53] ).
with the bulk phase. These dynamics become extremely important at early stages of MOD development.
Emergence of MODs
The remodeling of a homogeneous membrane is initially restricted by an energy barrier related to the stability of the reference membrane shape. For example, forming a cylindrical membrane tether from a phospholipid bilayer is characterized by an initial jump in pulling force [87] . Selfassembly of a curved MOD can reduce this initial barrier, making the initial membrane deformation(s) spontaneous. The coupling between dynamic changes of membrane curvature on one hand and segregation and energy consumption by proteins embedded in the lipid bilayer on the other is summarized by the concept of 'active' membranes [88] . This concept reveals the leading role of the lipid bilayer and its intrinsic dynamics in the organization of non-equilibrium membrane deformations [16, [88] [89] [90] . According to this idea, the emergence of MODs relies on a self-enhanced process that proceeds through the accumulation of curvature-driven components in curved membrane regions ( Figure 2B ). In an initially homogeneous membrane, this accumulation is coupled to the membrane undulations that cause initial deviations of membrane curvature [31, 56, 86] . To further enforce this positive feedback, curvature-driven components can be 'active', i.e. providing not only additional curvature, but also energy [56, 91] . The outcomes of these positive feedback loops have been modeled for several cellular membrane systems. In the initiation of filopodia growth, accumulation of actin-membrane linkers leads to a concentrated pushing force of actin filaments into peaks of membrane undulations, leading to the further development of local membrane curvature and global curvature instabilities [16, 56] . Similar positive feedback related to the creation of membrane curvature that is further sensed and enhanced by specialized proteins was revealed in modeling of formation of coat protein I (COPI)-coated vesicles in endoplasmic reticulum (ER) exit sites [92] . Finally, initiation of membrane deformations can be triggered through lipid modification by enzymes producing curvature-active membrane components (e.g. see [47] ). Thus, dynamic curvature instabilities can lead to the appearance of MODs through positive feedback, including Turing or wave instabilities [16, 93] .
One of the expected manifestations of these instabilities in cellular systems is the stochastic behavior of dynamical cellular MODs. Fluorescent labeling of the individual components of MODs, allowing for time-lapse monitoring of MOD appearance, shows that the emergence of a clathrin-coated vesicle on the plasma membrane involves a stochastic process. The vesicle precursors (i.e. small assemblies of the vesicle proteins) constantly appear and disappear until one of them reaches a point of dynamic instability (or 'control' point) and progresses further into a mature vesicle [13, 94, 95] . Thus, the appearance of a MOD is unlikely to be template-driven, but rather a complex non-equilibrium process, stochastically directed towards shapes dictated by the curvature preferences of specialized proteins.
Maturation of MODs
In general, the appearance of MODs triggers a response from the downstream cellular systems that support the further development of these domains [96] . This triggering can be induced even by endogenous molecules that form curved domains within the plasma membrane and undergo endocytosis [97] . This reaction is supported by curvature sensing, the characteristic ascribed to protein domains [3] and, recently, to polymerization patterns of actin [81, 83] . In more tightly regulated membrane remodeling events, such as receptor-mediated endocytosis, the appearance of the initial MOD triggers the hierarchical recruitment of various proteins involved in curvature creation, cargo selection and overall maturation of endocytic pits [13, 98] . In this way, the maturation of the MOD switches from dynamic self-organization of a proteo-lipid domain, characteristic at the stage of MOD emergence, to virtually irreversible, template-driven development.
Physically, the dynamic proteo-lipid MOD becomes associated with a layer (or layers) of curvature-stabilizing proteins (scaffolds and supporting filaments), which ensure the unidirectionality of MOD shape development and stabilize intermediates in this process. The recent experiments, however, question whether this second layer of morphological control is a stable shape template or whether the MOD remains dynamic, supporting the original self-organizing character of MOD maturation (this dilemma is depicted in Figure 4A , left and right pathways, respectively). [120] or CHIMP/ESCRT complexes [121] , can transform membrane invagination into a spherical bud, but the mechanisms that ensure spherical topology remain largely unknown. The left part of the figure shows the formation of cylindrical and spherical MODs directed towards the cytoplasm by proteins forming rings, spirals (BAR domains, dynamin) and spherical cages (clathrin). Straight filaments (actin) are likely to support the cylindrical phenotype and apply axial forces (red arrows) perpendicular to the parent membrane.
Self-Organization and Stabilization of MOD Shape
The attractive interactions that stabilize MODs can be mediated by lipid components, cholesterol in particular, which are involved in the formation of fluid-like lipid membrane domains [45] . Similar cholesterol-dependent stabilization has been reported for MODs formed by caveolin and flotillins ( Figure 4B ) [20, 99] . This composition-driven attraction can be supplemented by protein recognition ('sensing') of the MOD curvature and charge, mediated by specialized protein domains [6, 100] . Highly charged lipids, primarily inositols, are deeply involved in the regulation of membrane trafficking and morphology in cells [53] , making membrane electrostatics a powerful tool in regulating membrane dynamics. Finally, MODs can be stabilized by forces related to protein insertion into the lipid bilayer. It has been estimated that the interference of membrane deformations produced by proteins embedded into the lipid bilayer might lead to weak attractions between neighbor proteins, stimulating the protein clustering [63, 101, 102] . However, direct experimental confirmation of the involvement of these attractive forces acting on proteins during membrane remodeling is still lacking. The curvature of MODs not only affects the proteins, but also the lipids. It has been experimentally demonstrated that changes of membrane curvature can also induce segregation of lipids [67] . Thus, MOD curvature is intimately involved in controlling and maintaining MOD composition.
The attractive forces related to the lipid matrix of MODs generally induce two types of ordering within MODsfluid-like and crystalline -both of which have been explored in pure lipid systems [45, 103] . The crystalline ordering, as an external proteinaceous scaffold, provides a stable template for MOD shape. Recent experimental data, however, provide the following arguments against membrane shape creation by a stable template.
The first set of arguments is related to the conformational plasticity of classical shape templates on the membrane surface, e.g. clathrin assembles into large flat sheets, tubes and spheres [35, 104] . The assembly, and thus the resulting shapes, of the clathrin mesh depend on interactions with the MOD components [105] . The shape of a clathrin lattice is dramatically altered upon depletion of one of the endocytic accessory proteins, CALM [36] . Formation of large holes in the lattice does not compromise membrane curvature creation [36] , indicating that the integrity of the protein lattice is not a requirement for membrane remodeling.
The second set of arguments comes from real-time observations of the dynamics of individual components of different cellular MODs. Recent experimental data indicate that the components of the coat protein scaffold in vivo remain dynamic and exchange with the bulk phase in an energy-dependent manner. This exchange is evident in the perpetual treadmilling of protein filaments involved in cell motility [56, 106, 107] . Also, the components of clathrin and COP coats can exchange with the cytoplasmic bulk phase during the maturation of their MODs [31, 38] . This recycling depends on membrane curvature and the presence of small GTPases (e.g. Arf1) and ATPases (e.g. Hsc70) that are known to be involved in the regulation of membrane binding and the self-assembly of coat proteins [13, 58, 74, 94, 95, 108] . The involvement of GTPases and ATPases in this process indicates that MOD maturation requires energy [26] . Interestingly, this recycling might be retained through the whole maturation of MODs, providing [4] ). Their concentration in the MOD is defined by the balance between influx through the MOD neck (pink) and efflux through detachment from the MOD (blue). The influx, stimulated by MOD curvature (positive feedback), dominates, supporting the stable coverage of MOD membrane by the coatomers. Narrowing of the MOD neck cuts off the influx (negative feedback), ensuring that MOD uncoating precedes vesicle detachment [108] . The right branch illustrates the polymerization of a stable coat triggered by emergence of an initial membrane invagination. Formation of this invagination can be impaired by lateral membrane tension (red arrows), which tends to flatten the MOD. Evolution of the spherical MOD inevitably leads to the appearance of a new MOD, the neck (square). For fluid-like domains, the neck formation is promoted by the line tension (black arrows). (B) Cholesterol-dependent formation of caveolae. (C) Dynamic changes of the neck shape: the squeeze and release cycle produced by reversible assembly of dynamin spirals on the neck membrane coupled to cooperative GTP hydrolysis by the protein is illustrated. These cycles can produce fission of the neck as a stochastic outcome [116, 122] .
negative feedback between MOD composition and shape ( Figure 4A ) [108, 109] . In this way, the supply of MOD components is cut off automatically upon completion of shape creation, thus demonstrating a feature of MOD maturation: self-regulation [109] . Similarly, MOD maturation can be altered by cargo proteins, which, following accumulation on the MOD membrane, hinder the exchange of MOD components [110] . Finally, it is important to emphasize that some MODs have both rigid-template and dynamic phenotypes depending on the lipid components. An example is provided by caveolae, whose stable appearance depends dramatically upon the presence of cholesterol ( Figure 4B ).
All of these dynamic, non-equilibrium aspects of scaffolding cannot be deduced from static electron microscopy images. Thus, the unequivocal interpretation of the role of the coats and filamentous structures seen in places of membrane deformations is still ahead of us. Perhaps, what has become clearer is the universal involvement of the curvature-driven agents in the initiation and development of MODs. So, at least for some membrane systems, MOD maturation can be considered in the context of a dynamic interaction between a self-organized, fluid-like membrane domain and a protein template with a role in stabilizing the domain shapes. Interestingly, the proposals of dynamic maturation and the template model are not mutually exclusive. It has been proposed that stabilization of the MOD shape might happen in a step-wise manner [31] . According to the Brownian ratcheting principle, a MOD's growth is driven by random thermal fluctuations in its shape, and the template catches and stabilizes only those shapes that match the template geometry.
Forces Acting on MODs
Besides the forces related to the molecular interactions within a MOD, its shape also depends on the external forces acting on the MOD membrane. As membrane remodeling is often associated with reorganization of membrane cortex, the forces produced by actin filaments are generally implicated in membrane remodeling. Force-induced membrane deformations -pulling or pushing the tubular membrane protrusions by filament polymerization or molecular motors -have been reconstituted in vitro [90, 111] . Motors are also involved in the creation of tubular carriers in the ER [112] . Formation of the tube requires cooperative action of motor proteins, illustrating the stiffness of the lipid bilayer [31] . Importantly, the stationary composition of the tubular extension can differ from that of the parent membrane [67] : the tubular MOD can optimize its composition:curvature ratio. This ratio apparently depends on the force which can therefore stabilize MODs of particular composition and geometry. The competition between the external force and the intrinsic wishes of the MOD, as dictated by its composition, should determine the shape dynamics of cylindrical MODs, such as filopodia [113] .
Another force factor acting at the MOD boundary is associated with the lateral tension of the parent membrane. The effect of lateral tension depends crucially on the MOD geometry. For cylindrical MODs, tension acts as the pulling force applied along the cylinder axes, squeezing this MOD and promoting corresponding changes in its composition [114] [115] [116] . High lateral membrane tension can completely inhibit the emergence of the initial MOD [94, 117] (Figure 4A ). This effect of the lateral tension is important for understanding how multiple spherical MODs in the same membrane can be coordinated by a single force.
Finally, there is a force inevitably associated with the MOD edge. This force is intrinsically linked to the fact that the molecules localized on the edge want to be inside the MOD. Therefore, this force tends to diminish the domain edge [41, 65] . For fluid-like membrane domains, this force is determined by line tension, which is the energy per unit of domain boundary length [41] . This edge energy can be minimized by decreasing the size of the edge through transformation of a planar or slightly curved domain with a large edge into a spherical bud with a small edge [41] . Thus, line tension stimulates maturation of MODs and generally imposes spherical morphology.
The Neck MOD The termination of MOD shape maturation leads to the appearance of a special MOD -the neck MOD, a generic saddle-like intermediate in topological membrane remodeling, fusion and fission ( Figure 4A,C) . This MOD forms only in the context of membrane transport, so that its appearance is closely linked with the formation of other MODs. For example, the appearance of the neck MOD can finalize the maturation of a spherical MOD (Figure 4) .
The neck MOD is usually associated with ring-like assemblies of proteins, such as the GTPase dynamin or fusion proteins [59] , in boundary regions that generate membrane deformations involved in membrane remodeling in a small membrane area encircled by the rings. In this way, the action of the protein machinery assembled in this MOD is focused on creation of small and highly bent intermediates that are commonly involved in membrane fusion and fission. Subsequently, the saddle-like geometry of the neck MOD is essential to minimize the bending energy of highly curved membranes [118] . The sizes of protein assemblies on the neck's boundary are determined by the geometric preferences of the neck MOD.
Importantly, the neck MOD remains very dynamic, as revealed by estimates of its dimensions from electrophysiological measurements of the ionic conductivity through the internal lumen of the neck [115] . Reconstitution of dynamin-driven membrane neck remodeling on lipid nanotubes reveals that shape dynamics are coupled to the cyclic assembly and disassembly of short dynamin scaffolds fueled by GTP hydrolysis ( Figure 4C ). This observation further corroborates the view of the dynamic and stochastic nature of MODs in cellular membranes.
Concluding Remarks
Cellular membranes form a very crowded, heterogeneous environment characterized by extremely complex dynamics. Yet cells have developed various ways in which they keep their membrane systems under strict control, ranging from global transformations of cellular architecture to localized membrane remodeling. This dynamic ordering of cellular morphology is unimaginable unless membranes have the means to self-organize at small, subcellular scales. Cellular membranes self-organize through domains [11] , each of which has a mission closely linked to its composition, e.g. clustering of channels or receptors, precursors of transport vesicles, or places of focal adhesion [51, 92, 119] . Membrane remodeling is initiated through self-organization of morphological domains characterized by particular shape preferences. Through their composition, these domains provide a crucial link between intracellular energy and transport networks and membrane morphology. Membrane domains are the generic units of self-organization of cellular membrane shape.
